Ovarian growth (vitellogenesis) in most lower vertebrates is mediated by estradiol-17beta (E2) secreted by the follicles in response to follicle-stimulating hormone (Fsh), whereas oocyte maturation and ovulation are mediated by progestins, such as 17alpha,20beta-dihydroxypregn-4-en-3-one (17,20beta-P), produced in response to luteinizing hormone (Lh). In teleosts, follicular synthesis of 17,20beta-P at the time of maturation is due primarily to up-regulation of the enzymes P450c17-II (Cyp17a2) and 20beta-hydroxysteroid dehydrogenase (Cbr1). Here, we show that follicular cells associated with primary growth (previtellogenic) oocytes of the gilthead seabream also express cyp17a2 and cbr1, in addition to P450c17-I (cyp17a1) and aromatase (cyp19a1), enzymes required for E2 synthesis. Ovaries containing only oogonia and early primary ovarian follicles had a 60-fold higher concentration of 17,20beta-P than ovaries in the succeeding stages and had a higher expression of cbr1 and Fsh receptor (fshra). Stimulation of explants of primary follicles in vitro with recombinant piscine Fsh (rFsh), which specifically activates the seabream Fshra, promoted a rapid accumulation of 17,20beta-P, and synthesis was sustained by an external supply of 17alpha-hydroxyprogesterone. In the presence of Cbr1 inhibitors, rFsh-mediated 17,20beta-P production was reduced, with a concomitant increase in testosterone and E2 synthesis. In primary explants, rFsh up-regulated cyp17a2 and cbr1 transcription and simultaneously down-regulated cyp17a1 and cyp19a1 steady-state mRNA levels within 24 h. In contrast, in explants containing vitellogenic follicles, rFsh had no effect on cyp17a2 and cbr1 expression, but increased that of cyp17a1 and cyp19a1. These data suggest a functional Fshra-activated Cyp17a2/Cbr1 steroidogenic pathway in gilthead seabream primary ovarian follicles triggering the production of 17,20beta-P.
INTRODUCTION
In mammals, ovarian folliculogenesis is regulated by follicle-stimulating hormone (FSH) and luteinizing hormone (LH)-dependent synthesis of androgens as the substrate for the production of estrogens, whereas a preovulatory surge of LH triggers the synthesis of progesterone, which plays critical roles in the induction of ovulation, endometrial receptivity, and successful establishment of pregnancy [1] . In teleosts, ovarian estrogens are the main steroid hormones controlling oocyte growth (vitellogenesis), whereas either one or the other of two progestins, 17a,20b-dihydroxypregn-4-en-3-one (17,20b-P) or 17a,20b,21-trihydroxypregn-4-en-3-one (17,20b,21-P) , is involved in the induction of oocyte meiosis resumption (oocyte maturation) and, in some species, also ovulation [2, 3] . In the testis of many but not all species that have been examined 17,20b-P also appears to be involved in the final stages of sperm production [4] .
Studies on salmonid teleosts suggest that during the vitellogenic period, Fsh induces estradiol-17b (E2) in the follicular cells surrounding the oocyte through the activation of the Fsh receptor (Fshr) [5] [6] [7] [8] [9] [10] [11] [12] . This mechanism is likely mediated by the stimulation of transcription and enzyme activity of cytochrome P450c17-I (Cyp17a1) in theca cells [13] [14] [15] and that of P450 ovarian aromatase (Cyp19a1) in granulosa cells [5, 11] . The enzyme Cyp17a1 has a dual function: 17a-hydroxylase activity that converts progesterone to 17a-hydroxyprogesterone (17-P) and 17,20-lyase activity that cleaves the C20,21 side chain of 17-P to convert it into androstenedione [16, 17] . Androstenedione is the immediate precursor of testosterone (T), which, in turn, is transformed by Cyp19a1 in granulosa cells to E2. In the Japanese eel (Anguilla japonica) ovary, however, a steroidogenic pathway for production of E2 from androstenedione via estrone may exist [18] . When the oocytes are fully grown, an Lh surge in plasma and an increased expression of the Lh/choriogonadotropin receptor (Lhcgr) in ovarian follicles induces the steroidogenic shift from E2 to progestin production in granulosa cells [2, 3] . In salmonids and possibly in other teleosts this process appears to be controlled by the down-regulation of Cyp17a1 and Cyp19a1 expression and the up-regulation, first, of a cytochrome P450c17-II isoform (Cyp17a2) which has 17a-hydroxylase activity only and, secondly, of a 20b-hydroxysteroid dehydrogenase (HSD)/carbonyl reductase-like (Cbr1) enzyme that is responsible for the conversion of 17-P to 17,20b-P [10, 12, 17, [19] [20] [21] [22] or, in some species, of 17,21-dihydroxy-pregn-4-ene-3,20-dione (11-deoxycortisol) to the alternative maturation-inducing steroid 17,20b,21-P [23] . In rainbow trout (Oncorhynchus mykiss), however, a prominent increase in plasma Fsh during ovulation has also been reported [9, 24, 25] , although the functional significance of the Fsh surge remains to be determined. It has been speculated that at this ovarian stage, Fsh may potentiate the ovulatory action of Lh or have a function in initiating the next cycle of ovarian growth [24] . In coho salmon (Oncorhynchus kisutch), Fsh can stimulate, albeit with lower potency than Lh, the production of 17,20b-P by intact ovarian follicles undergoing oocyte maturation and containing mature oocytes [13] , which might mediate the above-described actions.
The type of gonadotropic control of ovarian steroidogenesis in salmonids and the two-cell type model for the production of steroid hormones may not be conserved in other teleosts. For instance, in the red seabream (Pagrus major), Lh, but not Fsh induces E2 production in vitellogenic ovarian follicles through stimulation of Cyp19a1 activity and gene expression [26, 27] . In other species, such as the common carp (Cyprinus carpio), some recombinant piscine Fsh can promote secretion of 17,20b-P by postvitellogenic follicles [28] , although this effect could be produced by promiscuous activation of the Lhcgr by Fsh, as it occurs in the amago salmon (O. masou) [29] . The salmonid two-cell type model is clearly not applicable to killifish (Fundulus heteroclitus) [30] or to Japanese eel [31] , and in both species, the steroidogenic shift is also not likely to be the mechanism for 17,20b-P production during oocyte maturation [32] . Taken together, these studies suggest diverse mechanisms of actions of gonadotropins in teleost ovaries, and more detailed studies using homologous hormones and separated follicular layers are probably needed before a general model can be depicted.
An exclusive role of progestins in the final sexual maturation stages of teleosts has also recently been called into question by a number of studies that show clear peaks of plasma 17,20b-P in male and female fish at stages of the reproductive cycle other than oocyte maturation or spermiation [4, [33] [34] [35] and, in one case, accumulation of 17,20b-P in the gonad of immature fish after gonadotropin treatment in vivo [36] . In regard to other possible roles, 17,20b-P has been shown to increase the levels of meiosis-specific markers in oogonia and spermatogonia in vitro, indicating that 17,20b-P might have a role in stimulating the entry of germ cells into meiosis [34, 37] . In support of this hypothesis is the observation that Japanese eel testicular germ cells can produce 17,20b-P in response to 11-ketotestosterone [37] and the finding of nuclear progestin receptors, able to specifically bind to 17,20b-P, in germ cells of the testis of Japanese eel [37] [38] [39] and in spermatogonia and early spermatocytes of the zebrafish (Danio rerio) [40] . However, in Atlantic salmon (Salmo salar), although nuclear progestin receptors are present in immature testes, they are expressed only in the Sertoli cells surrounding early (premeiotic stage) spermatogonia [41] .
In early ovaries of teleosts, some evidence for the presence of the Cyp17a2/Cbr1 steroidogenic pathway has been reported. Thus, ovarian expression of cyp17a2 has been detected at the time of activation of oocyte meiosis in Nile tilapia (Oreochromis niloticus) [17] . In Atlantic cod (Gadus morhua), high cbr1 transcript levels have been found in ovaries composed entirely of oogonia and previtellogenic oocytes [42] , and in North African catfish (Clarias gariepinus), Cbr1 immunoreactivity has been demonstrated in previtellogenic follicles [43] . In addition, nuclear progestin receptors are present in nuclei (germinal vesicle) of zebrafish primary growth (previtellogenic) oocytes and surrounding follicle cells [40] . However, despite these data, the cellular source of 17,20b-P in teleost previtellogenic ovaries and its potential gonadotropic control are unclear. In the present study, using gilthead seabream (Sparus aurata) as an experimental model, we initially investigated whether ovaries at the primary growth stage express functional Cbr1 and other steroidogenic enzymes and can synthesize 17,20b-P in vivo. We then looked at whether there were any concomitant changes in the expression of gonadotropin receptors at this stage and evaluated their specificity to recombinant piscine gonadotropins. On the basis of these results, we carried out some in vitro studies to determine whether recombinant Fsh was able to stimulate the production of 17,20b-P in primary ovarian explants.
MATERIALS AND METHODS

Animals
Gilthead seabream, 1 and 2 years old, were obtained from a commercial farm and maintained in the laboratory under natural conditions of temperature and photoperiods as described previously [44] . Females (mean 6 SD, 1313 6 125 g) were collected throughout the year, and the stage of ovarian development was determined by histological examination of the gonads. Percentages of different ovarian follicles in the ovary were scored as previously described [45] . The gilthead seabream is a protandrous hermaphrodite with a group-synchronous ovary in which follicles of all sizes up through vitellogenesis are present during the reproductive period and populations of follicles are periodically recruited into maturation from a population of oocytes in late vitellogenic stages. Therefore, ovarian stages were defined based on the most advanced follicle present in the ovary (Supplemental Fig. S1 ; available online at www.biolreprod.org). Fish showing ambisexual gonads were not used. At all sampling times, fish were sedated with 500 ppm of phenoxyethanol and killed by decapitation. Fish were weighed before removal of the ovary in order to determine the gonadosomatic index (GSI; ovary weight/fish weight 3 100). Blood plasma and gonad samples were taken from each fish, frozen in liquid nitrogen, and stored at À808C. Additional pieces of the gonad were processed for histology or in vitro culture. Procedures relating to the care and use of animals were approved by the Ethics Committee from Institut de Recerca i Tecnologia Agroalimentàries (IRTA, Spain) in accordance with European Union regulations.
cDNA Cloning of Seabream cbr1 and P450c17 Isoforms
Full-length cbr1 cDNA was isolated from total RNA of seabream primary ovaries by using 3 0 and 5 0 rapid amplification of cDNA ends (RACE) kits (Life Technologies Corp., Carlsbad, CA) as previously described [46] . Oligonucleotide primers were designed from an available seabream expressed sequence tag (GenBank accession no. AM967775; see Supplemental Table S1 ). Fulllength cbr1 cDNA was amplified with a specific forward primer and the primer AUAP (3 0 -RACE; Life Technologies Corp.) using Easy-A High-Fidelity PCR cloning enzyme (Agilent Technologies, Santa Clara, CA). Products were cloned into the pGEM-T Easy vector (Promega Corp., Madison, WI) for sequencing. Partial cDNAs encoding seabream P450c17-I (Cyp17a1) and P450c17-II (Cyp17a2) carrying the 3 0 untranslated region (UTR) were isolated from total RNA of the ovary using degenerate primers designed based on conserved regions of teleost sequences followed by 3 0 -RACE (Supplemental Table S1 ). Nucleotide sequences of gilthead seabream cbr1, cyp17a1, and cyp17a2 were deposited in the GenBank database under accession numbers JN811567, JQ714032, and JQ714033, respectively.
Analysis of Enzymatic Activity of Seabream Cbr1
Seabream cbr1 was cloned into the EcoRI/XbaI sites of the expression vector pcDNA3 (Life Technologies Corp.) with the addition of an epitope FLAG tag (DYKDDDDK) in the C terminus of the encoded protein before the stop codon by PCR. A point mutation was introduced into the seabream Cbr1 to replace Iso 15 with a Thr by using a QuikChange II site-directed mutagenesis kit (Life Technologies Corp.) on the pcDNA3-Cbr1-FLAG plasmid (Supplemental Table S1 ). Selected clones were sequenced to confirm that only the desired constructs were synthesized. Characterization of Cbr1 was carried out in human embryonic kidney 293T (HEK293T) cells grown in 24-well plates containing 1 ml of Dulbecco modified Eagle medium (DMEM) with 10% (v/v) fetal bovine serum. Cells were cultured at 378C in 5% CO 2 for 16-20 h and then transfected using Lipofectamine (Life Technologies Corp.) with 700 ng of the empty pcDNA3 vector pcDNA3-Cbr1-FLAG or pcDNA3-Cbr1-I15T-FLAG and 100 ng of b-galactosidase (b-Gal) plasmid (Promega Corp.) to normalize transfection efficiency. After 16 h of incubation, medium was replaced with DMEM without serum, and 10-100 ng of 17-P (Sigma-Aldrich, St. Louis, MO) or 0.1% ethanol vehicle (control) was added to the cells. In other experiments, cells transfected with pcDNA3-Cbr1-FLAG were exposed to 1, 10, or 100 lM of the carbonyl reductase inhibitors indomethacin (Indo) and phenylbutazone ZAPATER ET AL.
(PhB) (Sigma-Aldrich) for 1 h before 100 ng 17-P was added. In both cases, the culture medium from each well was separated after 24 h of steroid addition by centrifugation at 2000 3 g. Cells were lysed with 100 ll of reporter lysis buffer (Promega Corp.), and b-Gal activity was measured by colorimetric detection using nitrophenyl b-D-galactopyranoside (Sigma-Aldrich) substrate. Production of 17,20b-P was determined in 150-fold-diluted culture medium by ELISA using commercial antibodies and reagents (Cayman Chemical Co., Ann Arbor, MI). Cross-reactivity of 17,20b-P antibody against 17-P was 0.4% (data not shown). Three independent trials were carried out in triplicate for each experiment, and results were normalized to b-Gal activity. To verify the same level of translation of the pcDNA3-Cbr1-FLAG and -I15T-FLAG plasmids in HEK293T cells, Western blotting using anti-FLAG M2 monoclonal antibody (Sigma-Aldrich) was carried out as described [46] .
In Situ Hybridization
Pieces of primary growth and vitellogenic ovaries were fixed in 4% paraformaldehyde for 16-20 h at 48C to determine the sites of expression of cyp17a1, cyp17a2, cyp19a1, and cbr1 by in situ hybridization (ISH) as described previously [47] . Digoxigenin (DIG)-labeled sense and antisense riboprobes were synthesized with SP6 and T7 RNA polymerases using a DIG RNA labeling kit (Roche Applied Science, Mannheim, Germany). Probes were nucleotides 165-1114 for cyp17a1; nucleotides 95-1360 for cyp17a2; nucleotides 1106-1788 for cyp19a1 (GenBank accession number AF399824); and full-length cDNA, excluding the poly(A) þ , for cbr1. Posthybridization washing steps were 23 saline-sodium citrate (SSC) with 50% formamide for 30 min at 508C, two washes in 23 SSC at 428C or 508C for 15 min, and one wash in 0.53 SSC or 0.23 SSC at 428C or 508C, respectively, for 15 min.
In Vitro Incubations of Ovarian Explants
Ovaries at the primary growth stage (mean female GSI 6 SD of 0.88 6 0.08) containing only oogonia and primary ovarian follicles not showing nascent cortical alveoli were placed in Petri dishes with 75% Leivovitz L-15 culture medium with L-glutamine (Sigma-Aldrich) and with 100 lg/ml gentamicin at pH 7.5. Ovaries were manually dissected into small fragments (;100 mg) and placed in 24-well plastic tissue culture dishes containing 1 ml of fresh culture medium. Explants were stimulated in triplicate with European sea bass (Dicentrarchus labrax) single-chain recombinant Fsh (rFsh; 1-100 ng/ ml) in the presence or absence of 17-P (10 or 100 ng/ml), which was replaced daily. Sea bass gonadotropins used for these experiments were produced and characterized on HEK293T cells expressing seabream gonadotropin receptors as detailed in the Supplemental Materials and Methods and Supplemental Figure S2 . The carbonyl reductase inhibitors were added 1 h prior to the addition of the hormones at 100 lM. Ovarian fragments were cultured at 188C in a temperature-controlled incubator up to 72 h. Every 24 h, tissues and culture medium were harvested, frozen in liquid nitrogen, and stored at À808C. In some experiments, explants at the vitellogenic stage (mean female 6 SD GSI of 3.02 6 0.21) containing a significant amount of fully grown vitellogenic ovarian follicles and smaller amounts of preceding stages, but not oocytes showing signs of maturation (Supplemental Fig. S1 ), were incubated with rFsh for only 24 h. For incubation of both primary and vitellogenic explants, one single female was used for each experiment, and 3-6 separate experiments were carried out for each type of incubation.
Real-Time Quantitative PCR
Quantification of cyp17a1, cyp17a2, cyp19a1, and cbr1 transcripts in whole ovaries at different developmental stages (Supplemental Fig. S1 ) was performed by real-time quantitative PCR (qRT-PCR) using SYBR Green qPCR Master Mix (Life Technologies Corp.) as described previously [46] . Transcript levels of seabream fshra and lhcgrba (GenBank accession numbers AY587262 and AY587261, respectively [see Chauvigné et al. [48] for nomenclature]) were also determined. Specific primers used are listed in Supplemental Table S1 . Relative transcript levels were calculated by using a standard curve generated for each primer pair from 10-fold serial dilutions of a pool of first-stranded cDNA template from ovary samples. Standard curves represented the cycle threshold (Ct) value as a function of the logarithm of the number of copies generated, defined arbitrarily as one copy for the most diluted standard. The amount of 18s ribosomal transcripts, which did not change significantly during ovarian development (Supplemental Fig. S3 ), was used to express the results as the number of copies of each target gene divided by the number of copies of the normalizing gene. All calibration curves exhibited correlation coefficients higher than 0.98, and corresponding qRT-PCR efficiencies were greater than 99%.
The comparative Ct method was used for relative quantification of transcript levels in ovarian explants incubated in vitro with rFsh for 24 and 72 h. Primers were those described above, and the quantification was also normalized to 18s expression, which did not change significantly over culture time (data not shown). Fold changes in the relative mRNA expression with respect to the control group not exposed to rFsh at 24 h were determined by using the formula 2 -DDCt [49] .
Steroid Radioimmunoassay
Steroids were extracted from plasma (100 ll) with 4 ml of diethyl ether. After the tubes were allowed to settle, the lower aqueous phase was frozen by dipping each tube into liquid nitrogen, while the organic phase was poured into a separate tube and evaporated to dryness with a stream of nitrogen at 458C. For E2 determination, plasma (25 ll) was extracted with 1 ml of ethyl acetate and was also evaporated under nitrogen. Ovarian tissue (;100 mg) was extracted as described by Ketata et al. [50] and was homogenized in 500 ll of molecular grade water (Sigma-Aldrich) and sonicated three times for 30 sec. To enhance the extraction of steroids from binding proteins, 400 ll of HCl at 25 mM was added to the homogenates, and samples were incubated for 15 min at 408C, and then 1.25 ml of 0.07 M Na 2 HPO 4 , pH 7.4, was added for neutralization. Steroids were extracted with 7 ml of dichloromethane, and after centrifugation at 2500 3 g for 10 min, the organic phase was poured into a separate tube and evaporated to dryness under nitrogen at 458C. To rule out the possibility that the presence of yolk proteins in ovarian samples might affect the extraction efficiency of 17,20b-P, a duplicate sample from each reproductive stage was mixed with 12 000 disintegrations per minute (dpm) of 17,20b-P radiolabel and taken through the extraction procedure. There was very little difference in extraction efficiency (mean 80% 6 1% SEM) for all ovarian stages. Tissue concentrations of steroids shown were not corrected for this extraction efficiency. Dried extracts from plasma and ovary were solubilized in 1 ml of assay buffer and measured by radioimmunoassay (RIA) as described by Scott et al. [51] . Duplicate aliquots (100 ll) were assayed in the specific RIAs. In all assays, the standard concentrations ranged from 500 to 1.95 pg per tube. Extracts were assayed for T, E2, 17,20b-P, and 17,20b,21-P, depending on each experiment. The specificity of the antibodies and more detailed information of the RIAs have been published elsewhere [51, 52] .
Statistical Analysis
Data are means 6 SEM and were statistically analyzed using one-or twoway ANOVA, after log transformation of data when necessary, followed by a Tukey pairwise comparison test. Criteria for significant differences were at a P value of ,0.05.
RESULTS
Cloning and Functional Characterization of Seabream Cbr1
As a first step to investigate the potential sources of 17,20b-P production during early ovarian development in seabream, a full-length cDNA encoding Cbr1 was isolated from ovaries at the primary growth stage. Seabream cbr1 cDNA was 1312 bp long and encoded a protein of 275 amino acids with a predicted molecular mass of 30 kDa. Alignment of the deduced amino acid sequence of the seabream Cbr1 cDNA with orthologous sequences from other teleosts showed relatively high identity (75%-85%) and revealed the presence of the two characteristic domains for the carbonyl reductase family of enzymes, the Rossmann fold coenzyme binding consensus identified as GlyXXXGlyXGly near the N terminus and the TyrXXXLys motif crucial for catalytic activity (Supplemental Fig. S4 ). Accordingly, maximum likelihood phylogenetic analysis indicated that seabream Cbr1 clustered together with Cbr1 from other teleosts and separately from the 3b-and 17b-HSD enzymes (Supplemental Fig. S5) .
In rainbow trout, the Iso 15 residue within the Rossman fold domain of Cbr1 plays an important role in enzyme binding of cofactor NADPH [53] . Because seabream Cbr1 shows the same conserved residue (Fig. 1A) , we investigated the enzymatic activities of seabream wild-type Cbr1 and the Cbr1-I15T mutant by transient transfection of the corresponding cDNAs into HEK293T cells. Both Flag-tagged constructs Fsh-MEDIATED PROGESTIN PRODUCTION were expressed at approximately the same levels in HEK293T cells as indicated by Western blotting using an anti-Flag antibody (Fig. 1B) . Conversion of 17-P to 17,20b-P by HEK293T cells after 24 h of precursor addition increased with the expression of wild-type Cbr1 but not with that of Cbr1-I15T, which released the same 17,20b-P levels as the control cells transfected with empty pcDNA3 vector, possibly due to endogenous 20b-HSD activity (Fig. 1C) . Levels of conversion of 17-P to 17,20b-P were relatively low (10%-20%), which could be related to the fact that overexpression of seabream Cbr1 in HEK293T cells was toxic, as indicated by the lower levels of b-Gal activity of Cbr1-transfected cells compared to those of control cells (data not shown). Conversion of 17-P to 17,20b-P by wild-type Cbr1 was significantly reduced in the presence of increasing doses of Indo or PhB (Fig. 1D) , compounds that inhibit carbonyl reductase activity of North African catfish recombinant Cbr1 [43] . These results therefore confirmed that seabream primary growth ovaries express functional Cbr1 able to catalyze the conversion of 17-P to 17,20b-P.
Cloning of Two Types of Cyp17a in the Seabream
As it has been suggested that the differential expression of Cyp17a1 and Cyp17a2 controls the steroidogenic shift toward 17,20b-P production during teleost oocyte maturation, we cloned the orthologous transcripts in the seabream. By using degenerate primers and 3 0 RACE, we isolated partial cDNAs encoding peptides with high homology to teleost Cyp17a1 and Cyp17a2. Bayesian phylogenetic analysis using the seabream partially deduced amino acid sequences and teleost Cyp17a1 and Cyp17a2 orthologs confirmed that each of the cloned sequences clustered separately into each of the Cyp17a1 and Cyp17a2 teleost clades (Supplemental Fig. S6) . The tree thus clearly demonstrated that the seabream Cyp17a1 and Cyp17a2 orthologs were isolated.
Expression Pattern of Steroidogenic Enzymes and Gonadotropin Receptors During Seabream Ovarian Development
Changes in cyp17a1, cyp17a2, and cbr1 transcript levels during ovarian development were further analyzed by qRT-PCR (Fig. 2) . Expression levels of cyp19a1 and those of gonadotropin receptors, fshra and lhcgrba, were also determined using available sequence information. The highest fshra expression was detected in ovaries at an early primary growth stage, which then progressively decreased as the vitellogenic stage was reached ( Fig. 2A) . During ovarian maturation, a further increase in fshra expression was noted but reached lower levels than in the early primary growth stage. In contrast, the expression of lhcgrba remained low until the maturation phase at which point the levels of lhcgrba markedly increased (Fig. 2B) . Both cyp17a1 and cyp17a2 transcript levels were low at the early primary growth stage and increased progressively throughout ovarian development, with a more prominent accumulation of mRNAs during the maturation stage (Fig. 2, C and D) . The cyp17a2 mRNAs, however, increased earlier than those of cyp17a1 during late vitellogenesis. The expression of cyp19a1 was relatively high at the early primary growth stage, abruptly decreased in more advanced primary growth ovaries, and progressively increased again during vitellogenesis (Fig. 2E) . A further increase in cyp19a1 expression occurred during maturation, as noted for the other transcripts. Interestingly, the ovarian cbr1 transcript levels remained elevated from the early primary growth stage until the cortical alveolus stage, then clearly decreased during vitellogenesis, and increased again during maturation and reached levels similar to those at the primary growth stages (Fig. 2F) . ZAPATER ET AL.
Localization of Steroidogenic Enzymes in the Seabream Ovary by ISH
To determine the ovarian cellular sites of expression of cbr1 and other steroidogenic enzymes, ISH was performed with histological sections of ovaries at the primary growth and vitellogenic stages (Fig. 3) . In primary ovarian follicles, primordial follicle cells (theca and granulosa cells) appear as two very thin layers of flat cells adjacent to the oocyte (Fig.  3A) . Primordial granulosa cells were positive for cyp17a1, cyp17a2, cyp19a1, and cbr1 expression, whereas in theca cells, only cyp17a2 and cbr1 were weakly expressed (Fig. 3, C, F, I , and L). Transcripts of cyp17a2 and cyp19a1 were also strongly detected in the ooplasm of primary oocytes (Fig. 3, F and I) . In vitellogenic ovarian follicles, follicle cells were fully differentiated; granulosa cells acquired a cuboidal shape, whereas theca cells became enlarged and elongated (Fig. 3B) . In these follicles, expression levels of cyp17a1 and cbr1 were strong in both theca and granulosa cells, and the presence of these transcripts in oocytes was also evident (Fig. 3, D and M) . In contrast, cyp17a2 expression was more prominent in theca cells than in granulosa cells and was also detected in oocyte cytoplasm (Fig. 3G) , whereas specific cyp19a1 staining was noted only in granulosa cells (Fig. 3J) . For all transcripts, no extrafollicular expression (i.e., interstitial tissue) was noted in the ovarian stages examined. Control sections incubated with sense probes were negative (Fig. 3, E, H, K, and N) .
Plasma and Ovarian Levels of E2 and Progestins During the Seabream Reproductive Cycle
The previous data indicated that all steroidogenic enzymes investigated, including cbr1, were expressed in follicle cells associated with primary oocytes and, as expected, in vitellogenic ovarian follicles. This pattern of expression in vivo suggested that primary growth follicles are probably able to synthesize both estrogens and progestins. To explore this hypothesis, we determined the changes in E2 and 17,20b-P both in plasma and in the ovary of females showing different stages of ovarian follicle development (Fig. 4) . As 17,20b,21-P has been previously detected in the plasma of the gilthead seabream, in addition to 17,20b-P [54, 55] , we also determined the ovarian and circulating levels of this steroid. Plasma levels of E2 progressively increased in females from the primary growth up to the vitellogenic stage, whereas the level of E2 in the ovary remained unchanged (Fig. 4, A and B) . At the oocyte maturation stage, however, there was a 10-to 12-fold increase in the concentration of E2 in both plasma and ovary. Plasma levels of 17,20b-P and 1720b,21-P showed a U-shaped pattern, with elevated concentrations found at the first and last stages and relatively low concentrations (especially for 17,20b-P) found in the intervening stages (Fig. 4A ). All three steroids (i.e., 17,20b-P, 17,20b,21-P, and E2) had tissue concentrations similar to each other at every stage, apart from the early primary growth stage, at which 17,20b-P was 60-fold higher than E2 or 17,20b,21-P (Fig. 4B) .
Effect of Fsh on Steroid Production by Primary Growth Ovaries In Vitro
To examine whether 17,20b-P production by seabream primary ovarian follicles is regulated by gonadotropins, we first determined the responsiveness of seabream gonadotropin receptors to European sea bass rFsh and recombinant Lh (rLh). For this, seabream Fshra and Lhcgrba cDNAs were expressed in HEK293T cells and tested for ligand-induced cAMP production, using increasing doses of rFsh, rLh, and human chorionic gonadotropin (hCG). These experiments indicated that seabream Fshra was activated by sea bass rFsh but also by rLh and hCG, with a half maximal effective concentration of 1.5-and 2.8-fold higher, respectively, than for rFsh. In contrast, the seabream Lhcgrba was specific for rLh and hCG (Supplemental Fig. S2) . These results therefore demonstrate that sea bass rFsh could be used to specifically activate the seabream Fshra in further experiments.
Changes in the synthesis of 17,20b-P, T and E2 by ovarian explants at the primary growth stage incubated with rFsh in vitro were subsequently determined (Fig. 5) . Steroid levels were measured only in the ovarian tissue because the levels in Fsh-MEDIATED PROGESTIN PRODUCTION culture medium were in most cases below the detection limits (data not shown). Incubation with 10 and 100 ng/ml rFsh induced an increase in the ovarian content of 17,20b-P and T at 24 h, whereas the concentrations of these steroids in the explants were no different at 48 or 72 h after rFsh stimulation (Fig. 5, A and B) . In contrast, the ovarian concentration of E2 did not change until 48 h, where a significant increase was noted with 100 ng/ml rFsh, whereas at 72 h, the rFsh doses of 10 and 100 ng/ml were both effective at stimulating E2 production (Fig. 5C ). To test whether the short-term rFshinduced production of 17,20b-P could be the result of a limited concentration of endogenous 17-P precursor, we incubated explants with 100 ng/ml rFsh in the presence of 10 or 100 ng/ ml 17-P for 72 h. When the explants were incubated with 17-P, the ovary content of 17,20b-P increased in a 17-P dosedependent manner, and this stimulation was enhanced in the presence of rFsh (Fig. 5D) . Addition of exogenous 17-P, however, only slightly stimulated production of T, regardless of the presence of rFsh (Fig. 5E) . In contrast, the synthesis of E2 was enhanced slightly by 17-P alone, whereas when 17-P . Photomicrographs show ovarian follicles at the same stage within the primary growth and vitellogenic phases. The hybridization signal is dark blue to purple. At the primary growth stage, cyp17a1, cyp17a2, cyp19a1, and cbr1 (C, F, I, and L) transcripts were expressed in flat primordial granulosa cells surrounding the oocyte (insets in C, F, I, and L), whereas a weak staining in primordial theca cells was observed only for cyp17a2 and cbr1 (insets, F and L). The cytoplasm of primary oocytes was also strongly stained for cyp17a2 and cyp19a1 probes (F and I). At the vitellogenic stage, cyp17a1 and cbr1 are strongly expressed in both theca and granulosa cells of vitellogenic ovarian follicles (D and M, respectively). In these follicles, cyp17a2 was detected in theca cells and weakly in granulosa cells (G), whereas cyp19a1 expression was prominent in granulosa cells but absent in theca cells (J). All transcripts except cyp19a1 were also clearly detected in ooplasm of vitellogenic oocytes (arrowheads). Sense probes gave negative results for all transcripts (E, H, K, N). n, nucleus (germinal vesicle); tc, theca cells; gc, granulosa cells; ve, vitelline envelope; o, oocyte. Bars ¼ 8 lm (insets in C, F, I, and L), 20 lm (A, B, E inset, F, H inset, I, K inset, L, and N inset), 25 lm (C-E, G, H, J, K, M, and N), and 100 lm (A inset, B inset).
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was combined with rFsh, production of E2 was clearly increased (Fig. 5F ). However, the ovarian content of E2 induced by rFsh was similar regardless of increasing doses of exogenous 17-P, suggesting that 17-P itself had very little effect on E2 synthesis (Fig. 5F) .
To confirm the role of Cbr1 in the rFsh-mediated induction of 17,20b-P synthesis, we incubated explants with 17-P and rFsh in the presence or absence of the Cbr1 inhibitors Indo and PhB for 72 h (Fig. 6 ). Both compounds significantly reduced 17-P-induced 17,20b-P production with or without rFsh (Fig.  6A) . When inhibitors were present, synthesis of T and E2 was significantly enhanced, and in the case of E2, the stimulatory effect was more prominent in the presence of 17-P and rFsh (Fig. 6, B and C) .
rFsh Transcriptional Regulation of Steroidogenic Enzymes in Primary Growth and Vitellogenic Ovaries In Vitro
To investigate the molecular mechanisms underlying the action of rFsh on 17,20b-P synthesis in primary growth ovarian follicles, we determined expression levels of cyp17a1, cyp17a2, cyp19a1, and cbr1 by qRT-PCR at 24 and 72 h after rFsh stimulation of primary ovarian explants in vitro (Fig. 7) . When primary explants were stimulated with rFsh, the steadystate mRNA levels of cyp17a1 and cyp19a1 decreased at 24 h (Fig. 7, A and D) . In contrast, expression of cyp17a2 and cbr1 in the explants significantly increased over time after rFsh stimulation (Fig. 7, B and C) . At 72 h, however, the cyp17a1 transcript levels changed inversely with the rFsh dose, and those of cyp19a1 were enhanced in a dose-response manner (Fig. 7, A and D) .
Because in some teleosts it has been shown that Fsh can stimulate aromatase transcription and E2 production in vitellogenic ovarian follicles within an 18-h incubation period [11] , we tested whether rFsh could affect the transcription of cyp17a1 and cyp19a1, and also of cyp17a2 and cbr1, in seabream vitellogenic ovarian explants after 24 h. These experiments confirmed that rFsh induced an increase in both cyp17a1 and cyp19a1 transcript levels in a dose-dependent manner (Fig. 7, E and H) . However, within the same incubation period in the presence of rFsh, expression levels of cyp17a2 and cbr1 remained unchanged (Fig. 7, F and G) . Longer times of incubation of vitellogenic explants with rFsh could not be tested because, under the conditions used, some vitellogenic follicles present in the explants, unlike the primary follicles, showed some signs of atresia (data not shown).
DISCUSSION
In most teleosts, it is well established that Fsh controls follicular estrogen production in the ovary, whereas Lh triggers synthesis of 17,20b-P (or in some species, 17,20b,21-P), which induces oocyte maturation [2, 3] . The present study provides evidence for the production of 17,20b-P by gilthead seabream primary ovarian follicles in response to piscine Fsh stimulation. The mechanism for the biosynthesis of 17,20b-P at this follicular stage is likely based on the up-regulation of the same steroidogenic pathways as those that have been reported to be stimulated by Lh in vitellogenic ovarian follicles of some other teleosts at the time of oocyte maturation [2, 10, 17] . These findings thus reinforce the notion, previously advanced by Miura and colleagues [34, 37] , that progestins also play a role during early ovarian development in teleosts.
The present ISH experiments demonstrated that in the seabream, the key steroidogenic enzymes involved in both estrogen (i.e., cyp17a1 and cyp19a1) and progestin (i.e., cyp17a2 and cbr1) synthesis are expressed in primordial granulosa cells associated with primary oocytes. Expression of Cbr1 in seabream previtellogenic follicles thus agrees with previous reports on other teleosts, such as Atlantic cod [42] and North African catfish [43] . In primordial theca cells, however, we observed only a weak expression of cyp17a2 and cbr1. In contrast, in seabream vitellogenic follicles, cyp17a1, cyp17a2, and cbr1 were expressed in both theca and granulosa cells, whereas cyp19a1 transcripts were found only in granulosa cells, as noted in some other teleosts [2, 3] . However, we also found cyp17a2 and cyp19a1 transcripts in the cytoplasm of seabream primary oocytes, whereas in the ooplasm of vitellogenic oocytes, we detected cyp17a1 and cyp17a2 as well as cbr1 mRNAs. This latter observation is not completely surprising because, in some teleosts, mitochondrial and microsomal 20b-HSD activities have been detected in ovulated oocytes devoid of follicle cells [21] . Also, cyp17a1 and cyp19a1 have been shown to be expressed and active in the cytoplasm of trout and amphibian vitellogenic oocytes [56] [57] [58] .
During the reproductive cycle of the seabream, the changes detected in the plasma levels of estrogen and progestins were in agreement with those in previous reports of this species [54, 55, 59] . Generally, changes in the ovarian expression of steroidogenic enzymes followed a similar trend with the changes in steroid production. However, there were some differences with respect to those reported for other teleosts [10, 12, 17, 19] , such as the higher increase in cyp17a1 and cyp19a1 expression in the seabream ovary at the maturation stage. Although levels of the corresponding proteins and Fsh-MEDIATED PROGESTIN PRODUCTION enzyme activities at each ovarian stage were not determined, these differences may be caused by the group-synchronous nature of the seabream ovary and therefore the presence of vitellogenic follicles not recruited into maturation in ovaries at the maturation stage (Supplemental Fig. S1 ). Also, in the case of cyp19a1, an additional confounding effect to interpretation of the expression data may be the absence of transcripts in the cytoplasm of vitellogenic oocytes, which can induce a dilution effect of the target mRNA in follicle cells due to the increased volume of these oocytes. Therefore, isolation of follicle cells or use of follicle-cell enriched fractions [60] is possibly necessary to determine developmental changes in the expression of steroidogenic genes in seabream follicle cells.
Nevertheless, we found that the high content of 17,20b-P in early primary growth ovaries was concomitant with an elevated cbr1 expression. Interestingly, despite the very large number of studies of sex steroids in teleosts, very few reports have measured steroids in tissue (as opposed to plasma) extracts. Unlike the protein hormones of the pituitary gland, steroids are not stored in intracellular vesicles after their synthesis [61] . It is assumed that most of the steroid would diffuse out of the cells as soon as it is synthesized and there would thus be little point in measuring tissue concentrations. However, it was only by extracting the ovarian tissue that we were able to clearly establish the fact that elevated cbr1 ovarian expression was matched by elevated 17,20b-P concentrations. Although plasma concentrations of 17,20b-P were slightly elevated in the same fish, they were little different from the plasma concentrations of E2 or 17,20b,21-P. In a previous study of Senegalese sole (Solea senegalensis), 17,20b-P was also easier to measure in extracts of the testis than in the plasma [62] , and similarly in the male sea lamprey (Petromyzon marinus), the putative androgen in this species, androstenedione, could only be measured in testis extracts and not in the plasma [63] . In the case of the sea lamprey, this phenomenon was attributed to the presence of a protein in the testis with a high binding capacity (as well as affinity) for androstenedione. The presence of binding activity for 17,20b-P in seabream primary oocytes might explain the present results, although this is presently no more than speculation. It is of interest, however, that specific binding activity for 17,20b-P has been demonstrated in mature testes of the North Sea plaice (Pleuronectes platessa) [64] . If steroid binding proteins are the reason for the tendency of 17,20b-P to accumulate in the seabream gonad tissue, it will be FIG. 5. Effect of piscine rFsh on steroid production by seabream primary ovarian explants containing only oogonia and primary ovarian follicles in vitro. A) Time course production of 17,20b-P, T, and E2 in explants stimulated with increasing doses of sea bass rFsh. B) Production of 17,20b-P, T, and E2 by explants incubated with different concentrations of 17-P (10 or 100 ng/ml) and in the presence (gray bars) or absence (white bars) of 100 ng/ml rFsh after 72 h. In each panel, data (means 6 SEM, n ¼ 3 independent experiments) with asterisk (A-C) or with different lowercase letters (D-F) are statistically significant (Tukey pairwise comparison test; P , 0.05).
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interesting to know whether the binding activity is due to the presence of progestin receptor(s) or sex steroid binding globulins, both of which would have the ability to retain 17,20b-P in the ovary rather than allowing it to diffuse away.
The high content of 17,20b-P in seabream primary growth ovaries was coincident with a high ovarian expression of fshra but not of lhcgrba. Although the actual protein levels of both receptors in primary ovaries could not be determined, this first suggested to us that it might be Fshra that controls 17,20b-P synthesis at this stage. To investigate this hypothesis, we used available recombinant gonadotropins from another perciform teleost (i.e., the European sea bass). Characterization of the response of seabream Fshra and Lhcgrba to sea bass rFsh and rLh indicated, as found for some other teleosts [29, 65] , that the Fshra could be activated by rFsh and rLh, whereas the Lhcgrba was rLh specific. The high promiscuity of the seabream Fshra to sea bass rLh (which must be confirmed using homologous hormones), obviated the use of rLh to discern the involvement of Fshra or Lhcgrba in 17,20b-P synthesis in primary ovarian explants in vitro. Therefore, we decided to test only rFsh, which is Fshra specific as it does not activate the seabream Lhcgrba even at pharmacological doses. These experiments showed that rFsh stimulated 17,20b-P production, which was sustained over the period of culture by the addition of 17-P precursor, whereas T and E2 production levels were relatively unaffected by 17-P. The rFsh-mediated synthesis of 17,20b-P over that of E2 was found to correlate with the up-regulation of cyp17a2 and cbr1 transcription and the decrease of cyp17a1 and cyp19a1mRNA levels. Therefore, these data strongly suggest the role of Fshra in the activation of the Cyp17a2/Cbr1 pathway in seabream primary ovarian follicles. The mechanism of Fshra action is similar to the proposed action of Lh, likely via the Lhcgrba or Lhcgrbb, in postvitellogenic ovarian follicles of other teleosts at the time of induction of oocyte maturation and ovulation [2, 3, 10, 17, 20] . The specific ligand involved in this mechanism in vivo (i.e., whether it is Fsh or Lh), as well as its origin (either in the pituitary or secreted from developing oocytes [66] ), however, is unclear from the present experiments, because the seabream Fshra can also be activated by rLh. Although tools for measuring pituitary and circulating Fsh levels are unavailable for the gilthead seabream, previous studies have shown that the plasma levels of Lh in immature Fsh-MEDIATED PROGESTIN PRODUCTION females with previtellogenic ovaries are much lower (;1 ng/ ml) than those at maturation (;17 ng/ml) [67] , which may point to the involvement of Fsh rather than Lh in the gonadotropic control of steroidogenesis in primary ovaries. However, without information about the levels of circulating Fsh during the reproductive cycle of the seabream and detailed characterization of the response of seabream Fshra to homologous hormones this conclusion may be premature. In our in vitro experiments, the stimulation of primary explants with rFsh also induced a retarded increase in cyp19a1 expression, which coincided with an increase in the concentration of E2 in the tissue. Surprisingly, however, at the same time, the expression of cyp17a1 was negatively correlated with the rFsh dose. To reconcile these and previous observations, including the prominent expression of cyp19a1 in the cytoplasm of primary oocytes, we propose a model that summarizes our current hypothesis for the Fshra-mediated regulation of steroidogenic pathways in seabream primary ovarian follicles (Fig. 8) . This model involves activation of the Fshra in primordial follicle cells by Fsh (or Lh), which rapidly drives the up-regulation of cyp17a2 and cbr1 transcription and the down-regulation of cyp17a1 and cyp19a1, resulting in an enhanced production of 17,20b-P. The increase in T synthesis that we noted in our studies is probably due to induction of hsd17b expression, as suggested to occur in zebrafish vitellogenic ovarian follicles incubated with hCG [68] or in FSH-stimulated human granulosa-luteal cells [69] . This would trigger the rapid transformation of androstenedione (as formed by Cyp17a1) to T, which might then diffuse slowly into the oocytes where it may be aromatized to E2 by Cyp19a1 [57, 58] . The relatively late production of E2 after rFsh stimulation in vitro may reflect the fact that cyp19a1 transcription is initially downregulated but is then subsequently upregulated, perhaps stimulated by second messengers (i.e., cAMP) originating in follicle cells and translocated into the oocyte via heterologous gap junctions between granulosa cells and the oocyte [70, 71] . The E2 produced in the oocyte may in turn exert a negative feedback mechanism on follicular cyp17a1 expression as it is known that estrogen can regulate the steadystate mRNA levels of cyp17a in trout [72] and rat testis [73] . Such potential dialog between primary oocytes and follicle cells to control steroid synthesis, similar to that suggested to occur in amphibian vitellogenic follicles [56, 74] , however, remains to be demonstrated.
In complete contrast to the situation in primary ovarian explants, we noted that rFsh had no effect on cyp17a2 and cbr1 expression in vitellogenic ovarian explants within a 24-h period. Instead, only cyp17a1 and cyp19a1 rapidly increased in a dose-dependent manner, likely favoring estrogen synthesis. Although in the gilthead seabream it is not known whether Lh can be more effective than Fsh for E2 production in vitellogenic ovarian follicles, as it occurs in the protogynous red seabream [26, 27] , our observations would agree with the Fsh and cAMP activation of cyp19a1 expression in vitellogenic follicles, leading to E2 production, reported in some other teleosts [11, [75] [76] [77] . In addition, while it is not known if rFsh was able to stimulate cyp17a2 and cbr1 expression in vitellogenic explants in the long term (i.e., 72 h), these data suggest a potential switch in Fshra signaling in follicle cells during folliculogenesis from a short-term inhibition of cyp17a1 and cyp19a1 expression in primary follicles to its rapid activation in vitellogenic follicles. In mammals, putative oocyte-derived paracrine factors, such as bone morphogenetic proteins, have been suggested to modulate FSH-induced steroidogenesis in primary granulosa cells [78] . Therefore, whether this potential change in Fshra signaling in seabream vitellogenic follicles is induced by Lh, by changes in the Fshra and Lhcgrba expression levels, or by oocyte-derived factors is unknown.
The physiological function of 17,20b-P in seabream primary ovarian follicles is as yet unknown. Recently, it has been suggested that 17,20b-P is the trigger of meiosis in teleost germ cells [34, 36, 37] . In the present study, rFsh stimulated 17,20b-P production in ovarian explants containing exclusively oogonia and primary growth follicles in which oocyte meiosis is already arrested in diplotene of the first meiotic division for the remainder of oocyte development [71] . Therefore, it is unclear whether the 17,20b-P produced at this ovarian stage of the seabream is related to the activation of meiosis. In the zebrafish [40] , as well as in the gilthead seabream (C. Zapater et al., unpublished data), nuclear progestin receptors are persistent in the nucleus of late primary growth oocytes. In the mammalian ovary and endometrium, it is well known that the nuclear progesterone receptor is able to activate or suppress the transcription of a high number of genes, including those involved in primordial follicle assembly [79] . Therefore, it is ZAPATER ET AL.
tempting to speculate that 17,20b-P may regulate gene transcription in early ovarian follicles of teleosts, perhaps allowing storage in oocytes of mRNAs critical for later oogenesis and early embryogenesis and/or expression of other genes required for follicle formation. Such genes may include cell adhesion molecules, connexins, vitellogenin receptor isoforms, zona pellucida glycoproteins, cathepsins, CDC-like kinases, or cyclins [45, [80] [81] [82] , as well as maternal transcripts essential for the establishment of the dorsoventral axis in early embryos [83] .
In conclusion, our findings provide the first evidence in teleosts to our knowledge for progestin production in primary growth ovarian follicles in response to the Fshra activation. This mechanism appears to involve the up-regulation of the same steroidogenic enzymes (cyp17a2 and cbr1) that have been described as activated during the induction of oocyte maturation and ovulation by Lh in most teleosts. The present data thus challenge the established view that the Cyp17a2/Cbr1 steroidogenic pathway is specific to teleost oocyte maturation. However, seabream primary ovaries also express low levels of lhcgrba, which could be biologically relevant. In the present study, the specific role of this receptor could not be evaluated because the piscine rLh used was not specific to Lhcgrba. Therefore, an additional role of the Lhcgrba in the control of steroidogenesis in seabream early ovarian follicles cannot be ruled out and should be investigated in the future.
